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Ssh1p Determines the Translocation
and Dislocation Capacities
of the Yeast Endoplasmic Reticulum
is displaced upon signal sequence recognition by the
translocon (Plath et al., 1998). The Sec61 complex is
also a component of a stable heptameric complex con-
sisting of the Sec61 complex plus the Sec63p, Sec62p,
Sec71p, and Sec72p polypeptides (Panzner et al., 1995).
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United Kingdom In yeast, secretory precursors can translocate into the
ER either co- or posttranslationally, depending on their
signal sequence (Ng et al., 1996). Genetic and biochemi-
cal data suggest that the Sec61 complex plus Sec63pSummary
and Kar2p are required for cotranslational translocation
(Young et al., 2001), whereas the posttranslational reac-Sec61p is required both for protein translocation and
dislocation across the membrane of the endoplasmic tion further depends upon Sec62p, Sec71p, and Sec72p
(Wilkinson et al., 1997b) plus the ER lumenal proteinsreticulum (ER). However, the cellular role of the Sec61p
homolog Ssh1p has not been clearly defined. We show Lhs1p and Sil1p (Craven et al., 1996; Tyson and Stirling,
2000).that ssh1 mutant cells have strong defects in both
SRP-dependent and -independent translocation. More- A considerable body of evidence also indicates that
the Sec61 translocon functions in a major pathway ofover, these cells were also found to be induced for
the unfolded protein response and to be defective in endoplasmic reticulum-associated degradation (ERAD)
required for the elimination of misfolded ER proteinsdislocation of a misfolded ER protein. In addition,
ssh1 mutant cells rapidly became respiratory defi- in both yeast and mammals (Plemper and Wolf, 1999;
Romisch, 1999; Johnson and Haigh, 2000). This pathwaycient. The other defects discussed above were sup-
pressed in the respiratory-deficient state or under involves dislocation through the Sec61p translocon to
the cytosol, followed by ubiquitination and subsequentconditions where the rate of polypeptide translation
was artificially reduced. These data identify Ssh1p as proteolytic degradation by proteosomes. In addition,
the ER dislocation process requires an intact unfoldeda component of a second, functionally distinct translo-
con in the yeast ER membrane. protein response pathway in order to function efficiently
(Travers et al., 2000; Casagrande et al., 2000).
SSH1 is a nonessential gene encoding a protein,Introduction
Ssh1p, which shares 34% identity with Sec61p. More-
over, Ssh1p represents a component of a heterotrimericThe process of protein translocation across, or integra-
tion into, the endoplasmic reticulum (ER) membrane re- complex which appears to be homologous to the Sec61
complex. This Ssh1p complex contains Ssh1p, Sss1p,quires the concerted action of a number of proteins and
protein complexes. The Sec61 translocon is a macromo- and Sbh2p, a protein closely related to Sbh1p (Finke et
al., 1996). This complex has been shown to interact withlecular structure at the center of this process, forming
aqueous pores through which nascent polypeptides are ribosomes, leading to the proposal that it may function
as a cotranslational translocon (Finke et al., 1996; Prinztransported across the membrane (Simon and Blobel,
1991; Crowley et al., 1993). The size of the pore has et al., 2000a). In addition, the ssh1 deletion mutation
exhibits a mild synthetic effect in combination with thebeen shown to have a regulated diameter of 15–60 A˚
(Hanein et al., 1996; Hamman et al., 1997) and is gated sec61-2 allele, suggesting a possible overlap in function
between Ssh1p and Sec61p. However, ssh1 mutantat both the cytosolic and lumenal faces of the mem-
brane, thus maintaining the integrity of the ER (Liao et cells are reported to have no detectable defect in se-
cretory precursor translocation (Finke et al., 1996). Simi-al., 1997; Hamman et al., 1998).
A wealth of data demonstrates that the highly con- larly, ssh1 mutant cells have been reported to be en-
tirely proficient in protein dislocation (Plemper et al.,served heterotrimeric Sec61 complex represents a core
component of a functional translocon in both yeast and 1997; Gillece et al., 2000). These data therefore suggest
mammalian ER (Wilkinson et al., 1997b; Johnson and that Ssh1p plays no significant role in either protein
van Waes, 1999). The yeast Sec61 complex consists of translocation or dislocation in the yeast ER. Here, how-
a 53 kDa polytopic membrane protein Sec61p (Sec61 ever, we present evidence that Ssh1p is required for
in mammals) and two small C-terminal anchor proteins, both efficient ER protein translocation and dislocation.
Sbh1p (Sec61 in mammals) and Sss1p (Sec61 in Thessh1 null mutation exhibits a strong synthetic inter-
mammals; Stirling et al., 1992; Esnault et al., 1993; Hart- action with the signal recognition particle (SRP) muta-
mann et al., 1994; Panzner et al., 1995). Sec61p is an tion sec65-1, and was also observed to rapidly adopt a
essential protein that spans the ER bilayer ten times respiratory-deficient (RD) phenotype. Analysis of ssh1
(Stirling et al., 1992; Wilkinson et al., 1996). Sss1p is an mutant cells prior to their becoming respiratory deficient
essential 9 kDa protein that binds to Sec61p (Esnault revealed severe defects in both cotranslational and
et al., 1994; Wilkinson et al., 1997a) and has been sug- posttranslational translocation. The suppression of these
gested to act as a surrogate signal sequence which translocation phenotypes in RD cells represents an ad-
aptation to the loss of Ssh1p. In addition to these defects
in ER translocation, the nonadapted ssh1 cells were1Correspondence: colin.stirling@man.ac.uk
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coloration was due to the ade2 genetic background. In
contrast, when ssh1 clones were first restreaked, they
gave rise to highly crenated colonies with extensive
white sectoring (Figure 1B). Cells from white sectors
were unable to grow on ethanol/glycerol-containing me-
dium (YPEG; data not shown), from which we conclude
that they represent respiratory-deficient (RD) isolates.
The observed high-frequency conversion to respiratory
deficiency is consistent with these strains arising
through  petite mutations. Such mutants arise sponta-
neously in yeast and lack some () or all (0) of their
mitochondrial DNA, leading to their inability to grow on
nonfermentable carbon sources such as ethanol/glyc-
erol. The rate of spontaneous  segregation in W303
wild-type strains was less than 0.5%, resulting in no
discernable sectoring. When respiratory-deficient ssh1
cells were transformed with a plasmid-borne copy of
SSH1 (pBW227), the RD phenotype was not rescued,
an observation consistent with the irreversible loss of
mitochondrial DNA sequences. However, transforma-
tion of  ssh1 cells with pBW227 led to the complete
suppression of the high-frequency RD sectoring, con-
firming that this phenotype was due solely to the ab-
Figure 1. Growth Phenotypes of the ssh1 Mutant Strain sence of Ssh1p.
(A) Tetrad analysis of the ssh1::TRP1/ SSH1 strain PRY1 on YPAD The extensive sectoring observed in ssh1 colonies
medium after 3 days at 30C. In each case, the two slower growing may reflect either an increased rate of  mutations orcolonies were found to bear the ssh1::TRP1 mutant allele.
may indicate a selective growth advantage in RD cells.(B) Colony morphology of representative wild-type andssh1 clones
We therefore determined growth rates for the variousstreaked on YPAD medium for 4 days. The wild-type colonies are
of uniform morphology, whereas the ssh1 mutant displays a white strains. Importantly, when either wild-type or ssh1
RD sectoring phenotype. clones are restreaked onto YPEG, no sectoring is ob-
served in either case, since this medium prevents the
growth of RD cells. This allowed us to stably maintain
also found to be induced for the unfolded protein re- the ssh1  strain. The growth phenotypes of ssh1
sponse and to have a strong defect in the dislocation  cells were then examined in both YPEG and YPAD
of the misfolded ER protein CPY*. These findings sug- media. Wild-type cells grow relatively slowly in YPEG
gest that the Ssh1 complex makes a substantial contri- when compared to YPAD medium (Figure 2A). The
bution to the translocation/dislocation capacity of the growth rate of the ssh1  strain was almost indistin-
ER in yeast. These data also raise the possibility that guishable from wild-type in YPEG medium, but was dra-
more than one species of translocon with differing activi- matically slower in YPAD medium (Figure 2A). Impor-
ties may be a general feature of ER protein translocation tantly, the ssh1  culture was tested for the
and dislocation, a suggestion that is supported by the appearance of RD derivatives, and these were not evi-
identification of new SEC61-related sequences in other dent within the time course shown in Figure 2A. How-
eukaryotic genomes. ever, 10% of colony-forming units were RD within 26 hr
of liquid culture in YPAD. We next determined the growth
rate of a respiratory-deficient isolate of the ssh1 strainResults
in YPAD medium (Figure 2B). Thessh1 RD strain grows
faster than its ssh1  equivalent, unlike the wild-typeGrowth Phenotypes Associated
where the  strain grows more rapidly (Figure 2B). Thewith the ssh1 Mutation
fact that the ssh1 RD cells grow more rapidly than theirThe SSH1 gene encoding Ssh1p is nonessential, and
 equivalent would explain the extensive RD sectoringthere have been no reports of translocation defects in
observed in ssh1 colonies (Figure 1B).ssh1 null mutant cells (Finke et al., 1996). We have
used a genetic approach in an attempt to reveal any
role for Ssh1p in the ER. The SSH1 open reading frame
ssh1 Is Synthetically Lethal with sec65-1was replaced by the selectable marker gene TRP1 in
A high rate of RD segregation has also been observedthe diploid yeast strain W303 by transformation with
in knockout mutants of genes encoding components ofa ssh1::TRP1 integration cassette (see Experimental
yeast SRP (Felici et al., 1989; Hann and Walter, 1991;Procedures). The resulting transformants were sub-
Stirling and Hewitt, 1992). This suggests that becomingjected to tetrad analysis yielding four viable spores for
RD is a genetic adaptation which is selected in responseeach tetrad with a 2:2 Trp:Trp segregation (Figure 1A).
to translocation defects, and in particular in response toBoth Trp (ssh1::TRP1) colonies in each tetrad were
defects in SRP-dependent translocation. We thereforeslower growing than the wild-type colonies, as pre-
decided to investigate any genetic interactions betweenviously reported (Finke et al., 1996).
the ssh1 mutation and mutations affecting either theWhen wild-type clones were restreaked onto YPAD,
they gave rise to regular shaped colonies whose red SRP-dependent or -independent pathways. The sec65-1
The Role of Ssh1p in Translocation
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Figure 3. Genetic Interactions between ssh1 and sec65-1 and
sec62-1
Haploid segregants derived from diploids BWY489 (SSH1/ssh1,
SEC65/sec65-1) and BWY499 (SSH1/ssh1, SEC62/sec62-1) of the
indicated genotype were tested for growth on YPAD plates at 30C.
Cells were grown in YPEG to prevent the growth of RD cells at 24C,
adjusted to an A600 nm of 2.0, and spotted (4 	l) as 5-fold serial
dilutions and incubated for 2 days at 30C. When double mutant
ssh1 sec62-1 and ssh1 sec65-1 cells were restreaked from the
spots onto YPAD at 30C, only ssh1 sec62-1 cells were able to
grow, confirming the synthetic lethality of thessh1 sec65-1 mutant.
found to be extremely slow growing at 24C compared
with either the sec65-1 or ssh1 mutations alone, and
furthermore, was synthetically lethal at 30C on either
glucose (YPAD; Figure 3) or glycerol (YPEG; data not
shown) media.
The sec62-1 mutation is specifically defective in post-
translational SRP-independent translocation (Deshaies
and Schekman, 1989). The ssh1 sec62-1 double mu-
tant obtained by tetrad dissection of diploid BWY499 atFigure 2. Growth Rate Analysis of the ssh1 Mutant
24C (see Experimental Procedures) was viable and
(A) The growth profiles of wild-type  (BWY46) andssh1  mutant
grew at 24C (data not shown) and 30C (Figure 3), al-(BWY464) strains in YPEG and after transfer to YPAD. Cells growing
though with a noticeable growth defect compared tologarithmically in YPEG were harvested and adjusted to an A600 nm
of 0.1 in prewarmed YPEG or YPAD media. The mutant was found the wild-type or the individual mutants, indicating a syn-
to have only a very minor defect (td 
 2 hr 50 min) compared to thetic growth defect. This synthetic phenotype was
wild-type cells (td 
 2 hr 45 min) in YPEG. However, ssh1 cells found to be less evident on glycerol-containing medium
recovered with a slower growth rate than wild-type cells after trans- (YPEG; data not shown).
fer to YPAD.
Thus, it was concluded that the ssh1 mutation has(B) Growth in YPAD was examined by adjusting the YPAD-adapted
a strong genetic interaction with sec65-1 and a weakercultures above to an A600 nm of 0.1 and comparing them with sponta-
neous RD isolates of both the wild-type and the ssh1 mutant. interaction with sec62-1, which is the converse of the
Growth rates (in parentheses) were calculated for wild-type  (1 hr interactions reported when sec61 mutations are com-
25 min), wild-type RD (2 hr), ssh1  (2 hr 50 min), and ssh1 RD (2 bined with sec65-1 or sec62-1 (Rothblatt et al., 1989;
hr 5 min) cells. The data shown correspond to a single representative Wilkinson et al., 2000). A weak interaction has previously
experiment but doubling times were qualitatively identical, and
been observed between ssh1 and sec61-2 (Finke etquantitatively highly reproducible (/ 5 min) in duplicate experi-
al., 1996). This weak interaction mirrors that withments.
sec62-1, and it is perhaps significant that, like sec62-1,
the sec61-2 mutation is defective in posttranslational
but not cotranslational translocation (Stirling et al.,mutation is specifically defective in SRP-dependent co-
translational translocation, whereas SEC62 is exclu- 1992).
sively required for the posttranslational reaction (Stirling
and Hewitt, 1992; Ng et al., 1996; Young et al., 2001). The The ssh1 Mutant Has Defects
in ER Translocationssh1 sec65-1 double mutant was obtained by tetrad
analysis of the diploid BWY489 at 24C (see Experimen- The synthetic lethality of the ssh1/sec65-1 combina-
tion reinforced the suggestion that the Ssh1p complextal Procedures). The ssh1 sec65-1 double mutant was
Developmental Cell
404
Figure 4. Analysis of Protein Translocation
Phenotypes in the ssh1 Mutant
(A) The ssh1 RD strain was grown in YPAD,
while the wild-type (BWY46) and the ssh1
 (BWY464) strain were grown in YPEG in
order to maintain their  status prior to har-
vesting and adjustment to an A600 nm of 0.2
in minimal medium containing 2% glucose.
After 5 hr of growth at 30C, cells were pulse
labeled with [35S]L-methionine for 5 min and
whole-cell extracts were immunoprecipitated
sequentially with DPAP B- or ppCPY-specific
antiserum, and 2.0 A600 equivalents were re-
solved by 7.5% (DPAP B) and 10% SDS-
PAGE (ppCPY). Tunicamycin treatment (Tu)
was carried out on the wild-type strain by the
addition of the drug to 10	g/ml 30 min before
harvesting the cells, yielding nonglycosylated
ER proteins. CPY is synthesized as an inac-
tive preproprotein (ppCPY) whose signal se-
quence is removed upon entering the ER lu-
men. The signal-cleaved proCPY (pCPY)
accumulated by Tu treatment is N glycosyl-
ated in the ER to the p1 form (p1CPY), which
is further processed to the p2 form in the Golgi. The ppCPY, pCPY, p1, and p2 forms and a ppCPY-p1 intermediate (#) of CPY are indicated.
Quantitation revealed p1/p2 ratios of 2.4, 4.9, and 6.8 in the wt , ssh1 , and ssh1 RD strains, respectively. DPAP B lacks a cleavable
signal sequence, but assembles in the ER membrane with type II topology and N glycosylation to its carboxyl-terminal domain. The nonglyco-
sylated (pDPAP B) and mature glycosylated (DPAP B) forms are indicated.
(B) The level of expression of components of the ER SEC complex were analyzed by immunoblot analysis of wild-type and the ssh1 mutant.
Cells were grown in YPEG and extracts were prepared as previously described (Wilkinson et al., 1996), and following 10% (Ssh1p, Sec62p,
and Sec63p) and 12.5% (Sss1p and Sec61p) SDS-PAGE, were visualized by immunodetection as indicated. Analysis of the RD equivalent
strains grown in YPAD also showed the same profile of SEC protein expression (data not shown). Antiserum against the C terminus of Ssh1p
(GQSALNQVLGVPGAM) was raised in rabbits, and antisera against Sss1p (Esnault et al., 1993), Sec61p (Stirling et al., 1992), Sec62p, and
Sec63p (Young et al., 2001) have been described.
plays a role in SRP-dependent translocation. In order The possibility that the translocation phenotypes are
to test this, we analyzed the translocation of dipeptidyl the result of an indirect effect on the expression of other
aminopeptidase B (DPAP B), a strictly SRP-dependent components of the ER translocation apparatus was in-
precursor which is assembled into the ER bilayer with vestigated by immunoblotting (Figure 4B). As expected,
type II topology and the acquisition of N-linked oligosac- the ssh1 mutant lacks Ssh1p. However, the levels of
charides. Both  and RD isolates of the ssh1 mutant Sec62p, Sec63p, and Sss1p appear unchanged relative
were analyzed. Cells were grown in YPEG () or YPAD to wild-type, whereas the level of Sec61p was slightly,
(RD) prior to being transferred to minimal medium con- but reproducibly, elevated. Thus, the observed effects
taining 2% glucose for 5 hr before 35S-metabolic labeling of the ssh1 mutations are not a result of any reduction
and analysis of DPAP B translocation by immunoprecipi- in the levels of the essential components of the SEC
tation (Figure 4A). A minor defect in translocation was complex. An alternative possibility might be to suggest
noted in the RD strain with the accumulation of trace that ER is grossly perturbed in ssh1 cells. However,
amounts of pDPAP B (Figure 4A, lane 3), but a substan- while our data indicate defects in CPY processing in the
tial defect was observed in the  isolate with 55% of ER, pulse-chase analysis confirmed the slow transition
the DPAP B present in its unglycosylated form (Figure from p1 to p2 (data not shown), indicating that ER-Golgi
4A). Clearly, the ssh1 mutant has a significant defect transport was active. From this we must conclude that
in SRP-dependent translocation, which is almost com- the ER remains functionally intact. The observed defects
pletely suppressed upon becoming RD. The strictly are therefore not the result of some general loss of ER
SRP-independent precursor preprocarboxypeptidase Y integrity. The same pulse-chase analyses confirmed the
(ppCPY; Ng et al., 1996) was similarly analyzed and again ER-Golgi transport of DPAP B but neither pre-DPAP B
there was a substantial defect, with 65% of the protein nor prepro-CPY were found to chase to their respective
accumulated in the ppCPY form in the  strain but ER forms even after a 60 min chase (data not shown). The
with no accumulation in the RD derivative (Figure 4A). irreversible failure to translocate a substantial fraction of
Identical results to those of the wild-type (SSH1) control ER precursors would explain the severe growth defect
were found for a spontaneous RD SSH1 derivative (data in ssh1  cells.
not shown). Both the  and RD forms of the ssh1
mutant exhibited much lower levels of the Golgi-modi-
ssh1 Phenotypes Can Be Suppressedfied p2 form of CPY compared to wild-type cells, sug-
by Treatment with Cycloheximidegesting a delay in CPY biogenesis (Figure 4A). In addi-
The alleviation of the translocation phenotype in thetion, the ssh1  strain accumulated a form of CPY
ssh1 RD mutant affords more rapid growth in YPAD,migrating between ppCPY and the p1 form (Figure 4A,
which explains why the RD phenotype is so readily se-marked as #), which probably corresponds to an under-
lected. The question then arises as to how this suppres-glycosylated form of CPY. These observations suggest
a defect in CPY processing in the ER lumen. sion occurs. RD strains undergo substantial metabolic
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control in ssh1 mutant cells. We therefore tested these
cells for any induction of the unfolded protein response
(UPR). A plasmid harboring a UPRE-lacZ reporter con-
struct was transformed into wild-type and ssh1 
strains. The level of UPR induction was assayed by mea-
suring -galactosidase activity at time points following
transfer from ethanol/glycerol to glucose-containing
medium. Wild-type cells showed a significant and sus-
tained reduction in -galactosidase activity following a
shift to glucose medium, indicating that the basal level of
expression of UPR-regulated genes is higher on glycerol
medium. A similar reduction in -galactosidase activity
was observed in ssh1  cells, but this was then fol-
lowed by a rapid and dramatic increase beginning 4
hr after the shift (Figure 6A). These results indicate a
substantial induction of the UPR in ssh1 cells.
The UPR is induced in cells that are defective in pro-
tein dislocation and are thus defective in ERAD (Zhou
and Schekman, 1999; Wilkinson et al., 2000; Travers et
al., 2000; Friedlander et al., 2000; Ng et al., 2000). We
therefore sought to test the efficiency of ERAD by moni-
toring the fate of the misfolded ER substrate CPY*, which
Figure 5. Treatment with Cycloheximide Suppresses Phenotypes is processed to the p1 form before dislocation to the
Associated with the ssh1 Mutation
cytosol for degradation by the cytosolic proteasome
(A) The RD sectoring phenotype of the ssh1  mutant was ana- (Hiller et al., 1996). The degradation of CPY* was moni-
lyzed by plating cells grown on YPEG onto either YPAD and grown
tored by pulse-chase analysis in the relevant strainfor 4 days or YPAD containing 0.2 	g/ml cycloheximide and grown
backgrounds (Figure 6B). Rapid degradation of CPY*for 8 days.
(B) The effect of cycloheximide treatment on translocation in the was apparent in the SSH1/prc1-1  and RD strains,
ssh1  mutant was examined by transferring cells from YPEG to whereas a significant delay in this process was evident
minimal medium containing glucose for 5 hr as described in Figure 4, in the ssh1  mutant. However, both the translocation
with cycloheximide added to a final concentration of 0.2 	g/ml for 30 defect and the delay in degradation were alleviated in the
min prior to radiolabeling for 5 min and immunoprecipitation. The
ssh1/prc1-1 RD mutant (Figure 6B).nonglycosylated (pDPAP B), the mature glycosylated (DPAP B) and
ppCPY, p1, p2, and # intermediate forms of CPY are indicated.
Discussion
changes compared to  strains (Epstein et al., 2001).
We have provided evidence that Ssh1p makes a majorOne noticeable feature is the downregulation of ribo-
contribution to the capacity of the ER in respect to bothsomal protein gene expression and other genes involved
protein translocation and dislocation functions. The syn-in translation, suggesting that the rate of translation is
thetic growth defects observed upon combining thereduced as part of this remodeling. We sought to analyze
ssh1 mutation with the co- and posttranslational spe-the possibility that reducing the rate of translation in the
cific sec65-1 and sec62-1 mutations, respectively,ssh1  mutant might prevent the RD sectoring and
strongly support a role for Ssh1p in ER protein transloca-suppress the translocation phenotypes. The RD sec-
tion. In addition, ssh1 mutant cultures rapidly becometoring phenotype observed upon plating the ssh1 mu-
respiratory deficient (RD) in a manner reminiscent oftant on YPAD after growth on YPEG was indeed sup-
various mutants defective in components of yeast SRP.pressed by sublethal concentrations (0.2 	g/ml) of the
Examination of translocation phenotypes in the ssh1translation elongation inhibitor cycloheximide (Figure
mutant prior to its becoming RD revealed strong defects5A). This was not a result of some toxic effect on RD
in both SRP-dependent cotranslational translocationcells, since spontaneous RD strains isolated from a wild-
(DPAP B) and SRP-independent posttranslational trans-type (SSH1) control strain grew well on this medium
location (CPY). These findings indicate a major role for(data not shown). The impact of cycloheximide upon the
Ssh1p in protein translocation into the ER under normaltranslocation defect in the ssh1 mutant was examined
growth conditions.by analyzing the translocation of DPAP B and ppCPY
The apparent frequency of RD segregation in thein the ssh1  mutant. Cycloheximide treatment was
ssh1 mutant might indicate some role for Ssh1p in thefound to alleviate both DPAP B and ppCPY translocation
maintenance of mitochondrial DNA. However, the higherdefects (Figure 5B). These data suggest that suppres-
growth rate observed for ssh1 RD cells, comparedsion of the translocation phenotype upon becoming RD
to the equivalent  strain, confers a selective growthoccurs primarily as a result of a reduction in the rate of
advantage upon RD cells. It therefore seems probableprotein synthesis.
that those RD cells that arise spontaneously simply out-
grow their  parent cells. The increase in growth rateThe ssh1 Mutant Is Induced for the Unfolded
in the ssh1 RD mutant strain directly correlates withProtein Response and Has a Defect
the suppression of the ER translocation phenotypes.in ER Dislocation
Suppression of both the RD sectoring and translocationThe observed defects in CPY biogenesis (Figure 4A)
suggest some defect in protein folding and/or quality phenotypes in the ssh1  strain by cycloheximide
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indicates that the mechanism by which becoming RD
is advantageous under conditions of optimal growth rate
(YPAD) is due to a reduction in the rate of protein synthe-
sis. Respiratory-deficient cells undergo significant met-
abolic remodeling including the downregulation of vari-
ous genes encoding components of the translational
apparatus (Epstein et al., 2001). A reduced rate of protein
synthesis in RD cells would decrease the demand for ER
translocation function, thus alleviating the translocation
phenotype. These findings mirror the conclusions
reached by Mutka and Walter (2001), who have reported
that the physiological adaptation of yeast cells to the
loss of SRP involves the downregulation of protein syn-
thesis in order to reduce the load on the translocation
machinery.
Ribosome biosynthesis is very tightly regulated and
coordinated with growth rate and biosynthetic demands
(Warner, 1999). A reduction in the translation rate under
slow growth conditions would explain why the ssh1
 strain has no significant growth defect in ethanol/
glycerol-containing media, but rather a defect in both
growth and translocation upon transfer to glucose-con-
taining media when the biosynthetic demands of the
cell increase. Analysis of DPAP B translocation in the
ssh1  strain grown on minimal medium with ethanol/
glycerol (when the extent of 35S incorporation is poor)
showed no defect in translocation (data not shown).
These observations indicate that the absence of Ssh1p
can also be suppressed by physiological adaptations
under conditions of very slow growth.
The ssh1 mutant exhibits a significant defect in the
dislocation of CPY*, demonstrating that Ssh1p is re-
quired for efficient ER dislocation under normal growth
conditions. The simplest interpretation of this finding
would be to suggest that Ssh1p plays a direct role in
protein dislocation from the ER. As previously stated,
many dislocation/ERAD-deficient mutants exhibit in-
duction of the UPR, and thus the UPR induction inssh1
mutant cells might similarly reflect the observed disloca-
tion phenotype. However, the mutant also exhibits de-
fects in protein biogenesis and processing in the ER
Figure 6. The ssh1 Mutant Is Induced for the Unfolded Protein
Response and Has a Defect in ER Dislocation
(A) The level of the UPR was examined in strains harboring the
UPRE-lacZ (CEN, URA3) plasmid pJT30 (Wilkinson et al., 2000).
These strains were grown in minimal medium containing 2% etha-
nol/glycerol and lacking uracil to an A600 nm of 0.5 before harvesting
and transfer to the same medium now containing 2% glucose as
the sole carbon source with an A600 nm of 0.1. -Galactosidase levels
(1000; A420 nm values) were determined as previously described
(Wilkinson et al., 2000) at time points after transfer. The data are
presented as the average of three independent experiments for both
the wild-type (circles) and the ssh1 mutant (squares).
(B) The  CPY* strains W303-1C (SSH1/prc1-1) and BWY535
(ssh1/prc1-1) were grown in YPEG prior to harvesting and adjust-
ment to an A600 nm of 0.2 in minimal medium containing 2% glucose.
After 5 hr of growth at 30C, cells were pulse labeled with [35S]L-
methionine for 20 min followed by the initiation of a cold chase by
the addition of 2 mM each of methionine and cysteine. Cell equiva-
lents (2.0 A600 nm) were removed at the indicated time points, and
immunoprecipitated forms of CPY were resolved by 10% SDS-
PAGE. The RD equivalent strains were analyzed in the same way,
except that they were grown in minimal medium containing 2%
glucose prior to metabolic labeling.
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Table 1. Saccharomyces cerevisiae Strains
Strain Genotype Source of reference
W303 MATa/MAT ade2/ade2 his3/his3 leu2/leu2 ura3/ura3 Thomas and Rothstein, 1989
trp1/trp1 can1/can1
BWY46 MAT ade2 his3 leu2 ura3 trp1 can1 Wilkinson et al., 2000
CSY126 MATa sec65-1 ade2 his3 leu2 trp1 ura3 Stirling and Hewitt, 1992
RDM50-94C MATa sec62-1 his4 leu2 ura3 Deshaies and Schekman, 1989
BWY497 MATa sec62-1 ade2 his3 leu2 ura3 trp1 can1 This study
BWY500 MAT sec65-1 ade2 his3 leu2 ura3 trp1 can1 This study
PRY1 MATa/MAT ssh1/SSH1 ade2/ade2 his3/his3 leu2/leu2 ura3/ura3 Reid, 1998
trp1/trp1 can1/can1
BWY464 MAT ssh1 ade2 his3 leu2 ura3 trp1 can1 This study
BWY465 MATa ssh1 ade2 his3 leu2 ura3 trp1 can1 This study
BWY489 MATa/MAT ssh1/SSH1 SEC65/sec65-1 ade2/ade2 his3/his3 This study
leu2/leu2 ura3/ura3 trp1/trp1 can1/can1
BWY499 MATa/MAT ssh1/SSH1 SEC62/sec62-1 ade2/ade2 his3/his3 This study
leu2/leu2 ura3/ura3 trp1/trp1 can1/can1
W303-1C MAT prc1-1 ade2 his3 leu2 ura3 trp1 can1 Knop et al., 1996
BWY534 MATa/MAT ssh1/SSH1 prc1-1/PRC1 ade2/ade2 his3/his3 This study
leu2/leu2 ura3/ura3 trp1/trp1 can1/can1
BWY535 MAT prc1-1 ssh1 ade2 his3 leu2 ura3 trp1 can1 This study
lumen, notably a slow transition of p1 to p2 CPY indica- would also require these activities. Of course, we cannot
exclude the possibility that the observed effect on post-tive of delayed transit of the p1 form to the Golgi, plus
the accumulation of a novel form of CPY in ssh1  translational translocation might be an indirect conse-
quence of the increasing amount of SRP-dependentcells. These findings suggest a role for Ssh1p in provid-
ing a suitable environment for the correct biogenesis translocation occurring at Sec61 translocons in the ab-
sence of Ssh1p. This explanation would again requireand folding of CPY. This might involve some specific
role during precursor translocation or might be less di- that Ssh1p represents the major cotranslational translo-
con in yeast.rect; for example, Ssh1p may be primarily responsible
for the translocation of some ER lumenal factor(s) in- The question then arises as to why there are two
translocons in yeast. Our data indicate that Ssh1pvolved in protein processing/folding.
The phenotypes of the ssh1 mutant suggest that the translocons play a role in normal ER physiology, but the
fact that SSH1 cannot complement the lethal sec61 nullSec61p-containing translocon is unable to sustain the
levels of ER protein translocation and dislocation re- mutation indicates that the two translocons are not func-
tionally equivalent. The presence of two transloconsquired for normal growth. We found that 55% of pre-
DPAP B and 65% of ppCPY were dependent upon Ssh1p with different activities may afford independent regula-
tion of translocation pathways, which might confer somefor their translocation, suggesting that the Ssh1p
translocons perform a substantial amount of ER translo- advantage under changing growth conditions. Interest-
ingly, the S. pombe genome also contains two SEC61-cation in a wild-type cell. A large amount of the Sec61p
complex is part of the heptameric SEC complex required related sequences. The first is highly conserved when
compared to S. cerevisiae Sec61p (Broughton et al.,for posttranslational translocation (Panzner et al., 1995;
Finke et al., 1996), whereas Ssh1p has not been found 1997), whereas the second is as diverged from S. pombe
Sec61p (30% identity) as are the two S. cerevisiae pro-associated with components of the heptameric complex
(Finke et al., 1996; Wittke et al., 1999). Binding of ribo- teins (33% identity). Multiple SEC61 genes also appear
in higher eukaryotes, but here the isoforms are muchsomes and the Sec63p complex to Sec61 complexes
has been shown to be mutually exclusive (Prinz et al., more closely related one to another (93% identity).
Nonetheless, these findings indicate that the presence2000a). The Ssh1 complex has a greater affinity for ribo-
somes than the Sec61p complex (Prinz et al., 2000a), but of at least two distinct ER translocons may be wide-
spread among eukaryotes.appears to make a smaller contribution to the ribosome
binding capacity of the ER than Sec61p complexes
Experimental Procedures(Prinz et al., 2000b), from which it follows that the Ssh1p
complex is considerably less abundant than Sec61
Materialstranslocons. Given this, the level of precursor accumu-
DNA restriction and modification enzymes were purchased from
lated in ssh1 cells leads to the conclusion that Ssh1p Boehringer Mannheim. [35S]methionine was from NEN (Belgium). All
is very much more active than Sec61p in cotranslational other reagents were from Roche, Sigma, British Drug House, or
Melford Laboratories (Suffolk, UK) at analytical grade.translocation. Our data also indicate a severe defect
in the SRP-independent translocation of ppCPY. The
Media and Growth Conditionssimplest hypothesis would be to suggest that Ssh1 com-
Yeast strains were grown at 30C in YP medium (2% peptone, 1%plex has a lower affinity for the components of the hep-
yeast extract) containing 20 mg/l adenine and either 2% glucosetameric complex, but that these functionally interact in
(YPAD) or 2% glycerol/2% ethanol (YPEG), or in minimal medium
vivo. Indeed, the recent demonstration that all ER trans- (0.67% yeast nitrogen base with ammonium sulfate) with 2% glu-
location is dependent upon Sec63p and Kar2p (Young et cose or 2% glycerol/2% ethanol plus appropriate supplements for
selective growth. Solid media were supplemented with 2% Bactoal., 2001) indicates that Ssh1p-dependent translocation
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agar. All media was from Difco Laboratories. Yeast transformations Unless otherwise stated, all experiments were repeated at least
once and representative data shown.and 5-FOA counter selection of Ura3 cells were carried out as
previously described (Wilkinson et al., 1997a). Growth rates were
determined at 30C with rotation at 260 rpm in cultures with cell Acknowledgments
density monitored at A600 nm using a Shimazdu UV mini 1240 spectro-
photometer. We would like to thank Dieter Wolf for the gift of the prc1-1 yeast
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